Hypoxia is a phenomenon occurring in marine coastal areas with increasing frequency. While hypoxia has been documented to affect fish activity and metabolism, recent evidence shows that hypoxia can also have a detrimental effect on various antipredator behaviours. Here, we review such evidence with a focus on the effect of hypoxia on fish escape responses, its modulation by aquatic surface respiration (ASR) and schooling behaviour. The main effect of hypoxia on escape behaviour was found in responsiveness and directionality. Locomotor performance in escapes was expected to be relatively independent of hypoxia, since escape responses are fuelled anaerobically. However, hypoxia decreased locomotor performance in some species (Mugilidae) although only in the absence of ASR in severe hypoxia. ASR allows fish to show higher escape performance than fish staying in the water column where hypoxia occurs. This situation provides a trade-off whereby fish may perform ASR in order to avoid the detrimental effects of hypoxia, although they would be subjected to higher exposure to aerial predation. As a result of this trade-off, fishes appear to minimize surfacing behaviour in the presence of aerial predators and to surface near shelters, where possible.
INTRODUCTION
Environmental fluctuations in coastal areas, whether they are man-made or natural occurrences, can provoke dramatic changes in the abundance and distribution of organisms. The impact of these disturbances on coastal ecosystems is modulated by the behaviour of the organisms (Kramer et al. 1997) . In-depth knowledge of the behavioural processes that regulate the interactions between environmental variations and ecologically relevant parameters, such as growth and survival, can be fundamental for understanding and predicting the effects of such interactions. Hypoxia has become one of the main environmental constraints affecting coastal areas due to the increasing occurrence of eutrophication (Rydberg et al. 1990; Rabalais et al. 2002; Druon et al. 2004; Hagy et al. 2004) . At severe levels, hypoxia is known to affect fish growth and survival (e.g. Plante et al. 1998; Dean & Richardson 1999; Smith & Able 2003) . Above lethal oxygen levels, hypoxia can affect fish activity and distribution as a result of various effects on their behaviour and physiology. Hypoxia is known to affect various physiological functions in fish, such as metabolism (Duthie 1982; Van Den Thillart et al. 1994; Lefrançois & Claireaux 2003) and cardiovascular regulation ( Fritsche & Nilsson 1989) . These effects lead to limitations in metabolic scope and, consequently, reduction in feeding, growth (Chabot & Dutil 1999; Thetmeyer et al. 1999; Eby et al. 2005) as well as activity levels (Metcalfe & Butler 1984; Fisher et al. 1992; Bushnell et al. 1984; Steffensen & Farrell 1998) .
Fish activity depends mainly on the ability of the cardiovascular system to provide tissues with the required amount of oxygen and nutrients. Some parameters have fundamental roles such as oxygen diffusion at the gills and the blood properties for gas transport. Heart rate and stroke volume also play a key role as they modify convection processes involved in oxygen transport towards tissues where aerobic processes take place (Gilmour 1997) . During progressive hypoxia, some fish have adapted to cope with the oxygen rarefaction (i.e. regulators) mainly through cardiovascular and respiratory adjustments (Randall 1982) . For instance, increase of the ventilation frequency, bradycardia and elevation of the stroke volume have been observed in hypoxia (Satchell 1971; Marvin & Burton 1973; Cech et al. 1977; Randall 1982; Fritsche & Nilsson 1989) . This is likely to improve the gas exchange at the branchial surface by causing blood to remain in the gills for a longer time (Randall 1968; Satchell 1971) . Recruitment of gill lamellue is also known to contribute to oxygen uptake at the gill. For instance, in crucian carp (Carassius carassius) exposed to long-term hypoxia (7 days), an increase by approximately 7.5-fold of the gill surface was accompanied by an increased capacity for oxygen uptake (Sollid et al. 2003) . Such cardiovascular and respiratory adjustments temporarily counteract the reduced oxygen available in the environment and contribute to the preservation of fish aerobic metabolism. However, as oxygen rarefaction becomes more severe, these adaptive responses are no longer adequate, oxygen uptake shows a steep decline, oxygen delivery to various tissues falls and systemic tissue hypoxia occurs. This level was described as the limiting oxygen concentration (LOC, Beamish 1964; Fry 1971; Gehrke 1988; Neill & Bryan 1991; Lefrançois & Claireaux 2003) . The particular LOC below which the standard metabolic rate (i.e. the oxygen consumption of a resting, fasted and non-maturing fish, Fry 1971 ) cannot be maintained is called the critical oxygen saturation (S crit ). Below S crit , fish cannot sustain maintenance activities, such as ventilation or osmoregulation, and survival is uncertain. Dalla Via et al. (1998) investigated the response to hypoxia in the common sole, Solea solea. They found that swimming behaviour was markedly affected by hypoxia and notably observed a reduction in activity when oxygen decreased from 80 to 20% of oxygen saturation and a 'panic state' when approaching S crit .
Behaviour was shown to be a relevant modulating factor in fish coping with hypoxia. It may contribute to reducing the limiting effect of severe hypoxic conditions by taking advantage of the oxygen heterogeneity of the environment or reducing the animal's oxygen requirements. For instance, decreased swimming activity was also observed in dogfish (Scyliorhinus canicula; Metcalfe & Butler 1984) and eelpout (Zoarces viviparus; Fisher et al. 1992) , and has been considered a means of reducing oxygen needs in accordance with the hypoxiarelated decrease in fish aerobic metabolic scope. In contrast with expectations based on physiological knowledge, swimming activity in certain species increases in hypoxia (Dizon 1977; Bejda et al. 1987; Domenici et al. 2000a) . Increase in activity has been interpreted as a behavioural response to hypoxia, in that highly active fish may increase their chances of finding a better oxygenated environment. Similarly, hypoxia was shown to affect habitat selection in various species of fish (Congleton 1980; Matthews et al. 1985; Suthers & Gee 1986; Eby & Crowder 2002) . For instance, some species showed changes in vertical distribution while performing aquatic surface respiration (ASR; Kramer 1987) . These travel to the surface of the water column to ventilate well-oxygenated water in contact with the air.
While hypoxia can have a profound effect on fish activity and distribution, recent work has shown that hypoxia may also affect predator-prey interactions in fish (e.g. Breitburg et al. 1999) , and in particular, their antipredator behaviour (e.g. Lefrançois et al. 2005) , as well as schooling (e.g. Domenici et al. 2002) . This review focuses on the effect of hypoxia on antipredator behaviours and schooling, as schooling can be considered primarily as an antipredator adaptation (Pitcher & Parrish 1993) , and many of the effects of hypoxia on schooling patterns trade-off with antipredator behaviours.
HYPOXIA AND PREDATOR-PREY ENCOUNTERS
The events leading to a predator-prey encounter are summarized in figure 1. Once prey detect and identify a predator, they could 'leave the game' by moving out of sight of the predator, thus avoiding any further interaction (i.e. 'predator avoidance', Smith 1997). Once prey are attacked by a predator, their only option is escaping. Avoidance is not always possible as predators may detect the prey before the prey detects the predator. In addition, prey may take risks in situations in which they share a certain habitat (e.g. for foraging) with their predators (Hugie & Dill 1994) . In addition, schooling may be involved in all the phases described in figure 1, such as in searching for prey and antipredator manoeuvres (Pitcher & Parrish 1993) . Hypoxia may have an effect on the vulnerability of fish prey, as a result of various effects on the different phases outlined in figure 1. For example, hypoxia may lead to species-specific changes in fish activity (Schurmann & Steffensen 1994; Domenici et al. 2000a) . It is possible that these changes in activity may affect the encounter rate between predators and prey. Hypoxia can have a dramatic effect on the vertical distribution of various fish species, particularly airbreathers and fish that perform ASR. This can lead to a higher encounter rate with predators, especially aerial ones. Following an attack, fish resort to escaping using a fast-start. Although fast-starts are fuelled anaerobically ( Wakeling & Johnston 1998; Webb 1998) , and their performance was hypothesized to be relatively independent of hypoxia (Beamish 1978) , recent work shows that hypoxia can have a detrimental effect on fish escape responses (Lefrançois et al. 2005; Lefrançois & Domenici 2006 ) thereby increasing prey vulnerability to predation.
THE EFFECT OF HYPOXIA ON FISH ESCAPE RESPONSES
Many authors have suggested that oxygen fluctuations influence predator-prey interactions in fish and other aquatic organisms (Breitburg et al. 1994 (Breitburg et al. , 1999 Sandberg & Bonsdorff 1996; Robb & Abrahams 2002; Shoji et al. 2005; Shimps et al. 2005) . These effects may be attributed to changes in the predator's feeding rates and/or in the prey vulnerability. Whether hypoxia shifts the balance in favour of the predator or the prey may depend on their relative tolerance to hypoxia. In isopod-amphipod interactions, as predator and prey, respectively, Sandberg & Bonsdorff (1996) suggested that hypoxia-related changes in the prey's behaviours may influence its vulnerability and therefore modify the predator's diet. Breitburg et al. (1994) showed that the attack rates on goby larvae by two species of fish predators, juvenile striped bass (Morone saxatilis) and adult naked goby (Gobiosoma bosc) decreased with oxygen level. On the other hand, when exposed to sea nettles (Chrysaora quinquecirrha) mortality by predation increased in the goby larvae (Breitburg et al. 1994) . A similar oxygen-related change in vulnerability was observed in red sea bream larvae (Pagrus major), i.e. in hypoxia, predation by moon jellyfish (Aurelia aurita) increased while predation by Spanish mackerel (Scomberomorus niphonius) decreased (Shoji et al. 2005) . Therefore, these studies show that predator-prey interactions involving fish as predator may decrease in hypoxia (as appetite and feeding are inhibited by hypoxia in fish, Chabot & Dutil 1999) , while predation on fish may increase when predators belong to other taxa that are relatively tolerant of hypoxia. Breitburg et al. (1994) suggests that the high mortality rates observed in fish larvae attacked by sea nettles, a relatively hypoxia-resistant predator, may be due to the effect of hypoxia on prey escape ability. Escape responses are fuelled anaerobically ( Wakeling & Johnston 1998; Webb 1998) , hence, hypoxia might be expected to have no effect on the brief, anaerobic burst of activity associated with escape (Beamish 1978; Lefrançois & Domenici 2006 ; flathead grey mullet, Mugil cephalus, Shingles et al. in preparation) . Escape responses are used by many fish as the main defence against predator attacks, and they have been studied extensively in terms of kinematics, performance, behaviour and physiology (see Domenici & Blake (1997) for a review). Escape responses consist of a brief sudden acceleration, usually in a direction away from the startling stimulus ( Domenici & Blake 1993a) . They are typically triggered by one of a pair of giant neurons, the Mauthner cells, although alternative pathways have been described (Eaton & Hackett 1984) . These giant neurons allow for a quick response time, of the order of a few milliseconds, i.e. as short as 5-10 ms (Eaton & Hackett 1984) . Following stimulation (i.e. by an artificial stimulus or a predator attack), fish usually bend into a C-shape as a result of the unilateral contraction of the axial musculature contralateral to the stimulus. This corresponds to stage 1, which may be followed by a second contraction (i.e. stage 2) of the opposite side of the body ( Foreman & Eaton 1993; Domenici & Blake 1997) . Beyond stage 2, locomotor behaviour is variable and can include steady swimming or coasting ( Weihs 1973a) . Certain species can also exhibit an S-shaped escape response (e.g. pike, Exos masquinongy), in which fish bend into an S-shape resulting from simultaneous contractions of both sides of the axial musculature during stage 1 (Hale 2002) . The success of an escape response depends mainly on the prey's locomotor and sensory performance and can be influenced by factors such as size ( Wardle 1975; Webb 1976; Domenici & Blake 1993b , Domenici 2001 , ontogenetic stage ( Fuiman et al. 1999; Hale 1999; Wakeling et al. 1999) , stimulus intensity and/or orientation (Eaton & Hackett 1984; Domenici & Blake 1993a) and environmental factors such as temperature and oxygen (e.g. Webb 1978; Webb & Zhang 1994; Lefrançois et al. 2005) . Figure 2 shows the series of events and relative variables that can be observed in a prey exposed to a startling stimulus. Laboratory stimulation may be visual or mechanical. Stimulus characteristics include its distance from the prey, speed and direction. After the onset of a startling stimulus, fishes may or may not respond. The responsiveness, i.e. the proportion of animals responding to the stimulus, is an indicator of the fish's acoustic or visual sensitivity and as well as its motivation to escape. If the prey reacts to the threatening stimulus, its response will show a certain response latency (i.e. the interval between stimulus onset to the first detectable movement leading to the escape of the animal) and reaction distance (the distance between the stimulus, or predator, and the prey at the onset of the response). Escaping fish usually exhibit a C-shape opposite to the side of the stimulation (Domenici & Blake 1993a) . The proportion of these 'away responses' represents the directionality of the response, which is of the order of 80-90% in non-stress conditions (Domenici & Blake 1993a; Domenici & Batty 1997) . Responsiveness, response latency, reaction distance and directionality are likely to be related to the fish's sensory performance and motivation and are defined as 'non-locomotor' Fish antipredator behaviours in hypoxia P. Domenici et al. 2107 variables in figure 2. Once the escape response is triggered, performance can be evaluated by a set of locomotor variables, such as turning rate, distancerelated performance (e.g. speed and acceleration) and kinematic types. Work on predator-prey interactions suggests that both non-locomotor and locomotor variables affect prey vulnerability to predator attacks (Barber et al. 2004; Walker et al. 2005) .
Hypoxia has been shown to mainly affect most nonlocomotor variables studied (Lefrançois et al. 2005; Lefrançois & Domenici 2006; Shingles et al. in preparation) . Responsiveness (figure 2) was affected in all the species investigated; in L. aurata (figure 3a) and D. labrax (startled using mechanical stimulus; Lefrançois et al. 2005; Lefrançois & Domenici 2006) as well as in M. cephalus (startled with visual stimulus; Shingles et al. in preparation) . Levels at which hypoxia significantly affected responsiveness appeared to be species specific. In addition, the two species of Mugilidae perform ASR in hypoxia, while D. labrax do not. Therefore, the experimental design included a treatment in hypoxia (at 10% oxygen saturation) in which access to the surface was denied, by using a mesh suspended at the surface (Lefrançois et al. 2005) . In L. aurata, 100% of the individuals responded to the threatening stimulus when exposed to normoxia, while only about 69% responded at 10% oxygen saturation and even less (about 40%) when access to the surface was denied ( figure 3a) . Similarly, the responsiveness of M. cephalus decreased significantly in hypoxia. Significant differences were found in hypoxia between fishes that performed ASR (92% of responders) versus fishes which did not (20% of responders; Shingles et al. in preparation.) . Clearly, ASR allows the prey to retain a responsiveness similar to that of fish in normoxia, presumably because this behaviour prevents systemic hypoxia. However, responsiveness in golden grey mullets is impaired even when performing ASR (Lefrancois et al. 2005) . Therefore, decrease in motivation (an important component of escape response, Webb 1986), possibly due to stress, may be a further factor contributing to the low responsiveness in hypoxia. Sea bass do not perform ASR and their responsiveness was as low as 37% at 10% oxygen saturation (Lefrançois et al. 2005) , which is much lower than the responsiveness of golden grey mullet whether performing ASR or not.
The absence of an escape response may have significant ecological relevance, since it leads to the capture of prey, unless the predator makes an error. The onset of escape responses depends on the sensory ability of the fish to detect a mechano-acoustic or visual signal (Eaton & Hackett 1984) . Absence of escape response suggests that hypoxia may impair this ability. It can be hypothesized that, once systemic hypoxia occurs, decreased oxygen delivery to the sensorial cells/organs may affect responsiveness. Hypoxia has been shown to impair the function of the ciliated inner ear cells in bullfrog (Sitko & Honrubia 1986) . Similarity between sensory cells of the teleosts' lateral line and the amphibians' ciliated inner ear cells (Shellart & Wubbels 1998) suggests that a similar, negative effect of hypoxia may also occur in fish. Interestingly, however, hypoxia had no effect on the timing of the escape response (i.e. the latency and the reaction distance; figure 2). It is therefore possible that low oxygen availability could alter the fish's sensory threshold involved in triggering an escape response, while the time course to initiate the response does not appear to be affected (Lefrançois et al. 2005) .
A further, 'non-locomotor' variable that is likely to be related to the fish's sensory performance is directionality. Fish are able to turn away from startling stimuli by using the directional nature of particle motion, which determines which of the two Mauthner cells fires first (Canfield & Eaton 1990) . A C-bend oriented towards the predator may induce a significant delay in the effort of the prey to escape away from the predator, and this may reduce the probability of escape success. The effect of hypoxia on directionality was studied in L. aurata and D. labrax (Lefrançois et al. 2005; Lefrançois & Domenici 2006) . Hypoxia had a significant detrimental effect even at relatively mild hypoxia, i.e. %20% oxygen saturation in L. aurata (figure 3b) and %50% oxygen saturation in D. labrax. At these oxygen levels, fish showed a random directionality, i.e. the proportion of responses away: towards the starting stimulus response was not different from 50 : 50, suggesting a significant disorientation in the individuals tested. This suggests that D. labrax has a lower tolerance to hypoxia than L. aurata with respect to directionality and thus may be more vulnerable to predator attacks. While directionality was impaired in hypoxia, the subsequent escape trajectories (measured at the end of stage 2) were unaffected. Arguably, an early 'mistake' such as bending towards the predator may have ecological relevance, since the first milliseconds of the escape response may be crucial for surviving a predator attack. Work on three species present in the Mediterranean lagoon, showed that hypoxia does influence locomotor components of the escape response, although to a lesser extent than 'non-locomotor' performance (figure 2). The extent of the effect was species specific. Turning rate is a relevant measure of muscular performance and manoeuvrability, since high turning rates allow fishes to change direction more rapidly. Turning rates (measured during stage 1) were not affected by hypoxia (Lefrançois et al. 2005; Shingles et al. in preparation) as expected based on the idea of independency of anaerobic muscle performance from hypoxia (Beamish 1978) . While no effect of hypoxia was found in the locomotor performance of sea bass (Lefrançois & Domenici 2006) , the cumulative distance and the speed of L. aurata with no access to the surface were significantly affected (Lefrançois et al. 2005) . This oxygen-dependent decrease in locomotor performance was attributed to a change in the escape kinematic type (figure 4). In hypoxia, when animal are denied access to ASR, Mugilidae showed a significantly higher proportion of escape responses lacking a stage 2 (i.e. single bend responses, SB; figure 4b; Lefrançois et al. 2005; Shingles et al. in preparation) . Conversely, in normoxia, all responses consisted of escape responses that included stage 2 (i.e. double bend escapes, DB; figure 4). As in other species (Domenici & Blake 1991; Kasapi et al. 1993) , single bend responses in golden grey mullet show lower locomotor performance than double bend responses (figure 4c). Lefrançois et al. (2005) suggested that lower locomotor performance in SB escape responses may be related to a lower energetic cost when compared with DB responses. Therefore, an increase in the proportion of SB responses with hypoxia may be the consequence of a trade-off between physiological exhaustion, requiring energy saving, and the need to escape from a predator attack. The glycogen reserves used for white muscle contractions can be highly depleted during hypoxic events in various teleost species (Zhou et al. 2000; Pichavant et al. 2002) . Although swimming performance in golden grey mullet, but not in sea bass, was affected, golden grey mullet appear to have a higher responsiveness than sea bass. It appears therefore that, Fish antipredator behaviours in hypoxia P. Domenici et al. 2109 even in extreme oxygen conditions, golden grey mullet have a mechanism that allows them to escape, albeit using a slower response than in normoxia. This mechanism does not appear to be present in sea bass, as they either respond using high speed, or do not respond at all.
These results demonstrate that hypoxia has a relevant role to play in prey escape performance. While locomotor performance is only affected in golden grey mullet at low oxygen saturation (i.e. 10% oxygen saturation), other variables which mainly depend on the fish sensory performance are impaired at higher oxygen level (e.g. directionality in golden grey mullet, figure 3b ). Therefore, predator-prey relationships are likely to be affected at moderate to severe hypoxia. At moderate hypoxia, the potential increase of prey vulnerability mainly results from a decrease of responsiveness and an impairment of directionality in all the species studied. While most effects of hypoxia on escape response are likely to be due to systemic hypoxia, we cannot exclude behavioural effects due to decreased motivation to escape as a result of environmental hypoxia, since effects are detectable at a relatively high percentage of oxygen saturation (50% oxygen saturation affecting directionality in sea bass, Lefrancois & Domenici 2006) . 
SURFACING IN HYPOXIA AND ITS RELATION WITH PREDATION RISK
In many species of fish, ASR is used in order to survive at a very low oxygen level (Lewis 1970; Gee et al. 1978; Congleton 1980; Liem 1980; Kramer & Mehegan 1981; Kramer & McClure 1982; Poulin et al. 1987; Shingles et al. 2005) . ASR is different from air-breathing (although both ASR and air-breathing imply surfacing), since it implies water breathing using the gills, while air-breathing requires an air-breathing organ, such as modified gills, mouth or gut (Kramer 1983b; Moyle & Cech 2000) . In ASR, surfacing is triggered in hypoxia by the stimulation of O 2 chemoreceptors located in the gills which are sensitive to both blood and water O 2 levels . During ASR, the snout and upper lip protrude above the water surface and fishes often hold air bubbles in the buccal cavity. This is thought to increase the O 2 content of the water passing over the bubble and across the gills (Dickson Hoese 1985; Gee & Gee 1991; Shingles et al. 2005) . ASR can be beneficial to fish but it can also incur some costs. The trade-offs associated by ASR are summarized in figure 5 . ASR permits survival under hypoxic conditions which would otherwise be lethal (Lewis 1970; Kramer & Mehegan 1981) and has many other benefits such as the maintenance of growth rates (Weber & Kramer 1983; Stierhoff et al. 2003) and activity ( Weber & Kramer 1983) . In moderate hypoxia, ASR allows fish to have a higher food consumption when compared with fish that were denied access to the surface (Weber & Kramer 1983 ). As discussed above, ASR allows fish to show better escape performance than fish staying in the water column in hypoxia (Lefrancois et al. 2005) . ASR also reduces the cost of ventilation compared to swimming in the water column in hypoxia, owing to the higher oxygen concentration in the surface water (Kramer 1983b) . ASR can also be considered a long-term survival strategy in hypoxia as it can be integrated into other activities such as parental care (Reebs et al. 1984) and foraging and courtship (Kramer & Mehegan 1981) .
Surfacing, however, implies various costs (figure 5) including less time spent foraging than in normoxia, the loss of food to competitors and an increase in the energy expenditure during locomotion to and from the surface (Kramer & McClure 1981; Kramer & Braun 1983; Kramer 1987) . Most notably, surfacing can lead to an increased risk of predation by forcing fish to leave shelter (Kramer 1987; and move closer to the surface where they are more visible and more likely to be attacked by aquatic (e.g. air-breathing fish, ) and aerial predators . This trend was also observed in the field where low water O 2 concentration in the early morning, following overnight respiration of aquatic vegetation, caused ASR activity in fish which led to a rise in the capture success of avian predators during feeding aggregation events (Kersten et al. 1991) . In addition to increased visibility, fish are more prone to attacks from birds when at the surface as there is less water resistance to slow the speed of the strike and fish have less time to escape . On the other hand, while vulnerability to various piscivorous predators (such as bird and air-breathing fish) may theoretically increase, feeding rates of water-breathing piscivorous fish decrease in hypoxia (Poulin et al. 1987 ; figure 5 ). Kramer (1987) points out that air-breathing and ASR may differ in surfacing costs. In ASR fish, oxygen is stored in the blood rather than in a respiratory organ. As a consequence, in severe hypoxia, surfacing time tends to be longer and dive times shorter in ASR fish when compared with air-breathers (Kramer 1987) . However, ASR fish usually start surfacing at a lower oxygen level than air-breathers. Therefore, Kramer (1983b Kramer ( , 1987 suggested that ASR fish may incur lower risks than air-breathers at moderate hypoxia, while airbreathers may have an advantage over ASR fish in extreme hypoxia.
Although driven by physiological constraints, there is evidence for elements of behavioural control over surfacing, as predator avoidance behaviour is aimed at minimizing the risk of predation (Kramer & Graham 1976; Shingles et al. 2005) . Similarly, when faced with a perceived threat of predation, fish may decrease their activity level (Seghers 1974; Herbert & Wells 2001) . Predation risk can inhibit surface use (figure 6a) and fish can show a reduction in surfacing rate (Kramer & Graham 1976; Kramer 1983a; Smith & Kramer 1986; Herbert & Wells 2001) or delay its onset . When fish do need to surface, they are known to show antipredator behaviours such as surfacing with irregularity, speed and synchrony (Kramer & Graham 1976) . During synchronous surfacing, individuals rise in rapid Figure 5 . Trade-offs in predator-prey risks for fish that perform ASR in hypoxia. A B indicates the probability of attack by aerial predators (B), A f , the probability of attacks by fish predators (F); EP, escape performance; MS, metabolic scope and the probability of survival related to the physiological effects of hypoxia, L, the cost of locomotion. Signs b, a and / indicate a relative increase, decrease or no potential differences, respectively, when comparing surfacing versus staying in the water column. Piscivorous fish are represented in grey and dotted contour since they may not represent a threat in hypoxia. The sign 'C' indicates an advantage; 'K', a disadvantage; and 'Z', no difference in relation to the fitness of the fish. Surfacing allows fish to avoid the negative effect of hypoxia on their metabolic scope and to have a high escape performance. On the other hand, surfacing increases the probability of being detected by aerial predators and it implies a higher cost of locomotion due to vertical excursions.
Fish antipredator behaviours in hypoxia P. Domenici et al. 2111 succession or together to reduce the chance of contact between predator and any individual, and create confusion, in much the same way as schooling (Kramer & Graham 1976; Gee 1980; . Fish have also been noted to avoid the vicinity of the predator when surfacing, to decrease ASR frequency and increase mean depth and to change foraging site (Milinski & Heller 1978) , as a compromise aimed at minimizing predator risk while avoiding the detrimental effect of hypoxia. Severe hypoxia may induce fish to leave cover such as patches of vegetation Kersten et al. 1991) . Where available, fish choose to surface near shelters, as an alternative solution aimed at minimizing visibility to predators Shingles et al. 2005) .
The trade-offs related to surfacing are even more complex once other environmental factors are considered, such as turbidity, time of the day, weather conditions, temperature, salinity and the presence of shelters. The ability of fish to adopt ASR behaviour can be affected by turbidity where fish are unable to establish if predators are present . Shingles et al. (2005) found that when exposed to a model bird predator flown overhead, grey mullet delayed the onset of ASR to more extreme levels of hypoxia and when ASR began they chose to surface close to edges and under cover (figure 6b). Exposure to turbidity, however, abolished the delay of the onset of ASR in the presence of the model predator. Interestingly, fish in turbidity concurrent with severe hypoxia chose to perform ASR under areas of cover or close to edges, whether the predator was present or not . This, presumably, is an adaptation to allow fish to perform ASR under cover when they are unable to establish whether there is a real predator threat. As pointed out by , variations in light levels, surface glare and rippling, water clarity and cover might affect both the absolute level and the gradient of risk associated with surfacing in the field. In reality, the situation invariably involves a trade-off between the benefits associated with surfacing and the danger of being more exposed to predators.
THE EFFECT OF HYPOXIA ON SCHOOLING BEHAVIOUR
While many schooling species are pelagic (e.g. scombrids) and may not experience the hypoxic conditions caused by eutrophication in coastal areas, there are a number of coastal and lagoon fishes that are gregarious (e.g. Mugilidae) and may face hypoxic conditions seasonally. Other schooling species such as herring (Clupea harengus) may occur in areas with recurrent hypoxic events, such as in the Kattegat and some Norwegian Fjords (Dommassnes et al. 1994; Hognestad 1994; Domenici et al. 2002) . In addition, previous fieldwork has shown that the oxygen level in a school may decrease along its axis of motion as a result of the oxygen consumption by the fish in the front of the school (McFarland & Moss 1967; Green & McFarland 1994;  figure 7) . Therefore, schooling itself may cause hypoxic conditions in the centre/back of a school. This phenomenon may be particularly relevant for large schools, and it may also limit the size of fish schools as modelled by Steffensen (1995) .
Schooling is considered to be mainly related to predator-prey interactions, be it for defence (e.g. 1993; Domenici & Batty 1997; Crook 1999; Krause & Ruxton 2002) or as a feeding adaptation (see Parrish 1993, and Krause & Ruxton 2002 , for reviews). Consequently, schooling behaviour is largely affected by the presence of predators and food. Indeed, schools are often formed and maintained as a response to predators or depending on hunger level (Pitcher & Parrish 1993; Hensor et al. 2003) , e.g. in gregarious species such as certain cyprinids and Mugilidae, which move in and out of a school depending on the threat level (P. Domenici 2003, personal observations) . School variables such as size, shape, and density can also be related to the presence of predators and food. The number of fish in a school of prey was shown to affect the predator attack rate and success (Major 1978; Krause & Godin 1995) . Similarly, predator success increases with the number of fish in the predator school (Major 1978) . School density was shown to increase in the presence of predators (Pitcher & Wyche 1983) , although field densities of schools under attack may not be maximal, since they are lower than values found in laboratory conditions (Domenici et al. 2000b) . School shape can vary depending on the presence/absence of predators (Abrahams & Colgan 1985) . Predator formations were observed to take on specific shapes (Partridge et al. 1983) , and schools of prey being threatened change shape depending on the behaviour of the predators (Pitcher & Wyche 1983) .
While predators and prey are important factors in shaping school structure and dynamics, schooling behaviour is affected by a number of abiotic factors as well, including light level, weather conditions, water depth, temperature and oxygen (e.g. Glass et al. 1986; Scalabrin & Masse 1993; Weetman et al. 1999; Domenici et al. 2002 ). For example, light level has a direct effect on vision, which is one of the main sensory systems used for schooling (Pitcher & Parrish 1993) . Therefore, it is not surprising that light level thresholds for schooling were found in various species (e.g. Glass et al. 1986; Miyazaki et al. 2000; Milne et al. 2005) . Consequently, schools were observed to disperse at night (Glass et al. 1986 ). Recently, a potential mechanism that may prevent complete dispersion of schools at night was found in herring, i.e. the production of fast repetitive sound pulses at night (Wilson et al. 2004 ).
(a) School volume and spacing Various studies have shown that hypoxia is a determinant factor affecting the behaviour, structure and dynamics of fish schools (Moss & McFarland 1970; Isreal & Kimmel 1996; Domenici et al. 2000a Domenici et al. , 2002 . One of the main findings of these studies is that hypoxia induces an increase in school volume and therefore spacing between fish ( figure 8a,b) . Domenici et al. (2002) suggested that an increase in school volume may provide more oxygen available for each individual, thereby counteracting the limiting effect of hypoxia on schools. They indicate two potential ways through which schools subject to hypoxia may increase the oxygen available for rear fish through an increase in: (i) cross-sectional area (i.e. width and depth) of the school and (ii) school length, which may increase oxygen availability, as long as there is sufficient mixing of water mass within the school. As in Domenici et al. (2002) , work was carried out in the laboratory, a larger school volume in such a confined set-up would not result in the avoidance of hypoxic conditions. However, the increased spacing between fish may be due to a behavioural reflex in hypoxia which, in nature, may alleviate the respiratory distress at the rear of the school, thereby decreasing the oxygen threshold for the break-up of a large school, as was observed by McFarland & Moss (1967) . Laboratory data show an increase from a specific volume (volume of water per fish) of 1.5 L 3 (1.5 length 3 ) in normoxia to over 5 L 3 at 20% oxygen saturation (figure 8b). Pitcher & Partridge (1979) suggest that a typical value of specific volume in herring and other schooling species should be around 1 L 3 . Unpublished field data (Batty et al. 2004, unpublished Fish antipredator behaviours in hypoxia P. Domenici et al. 2113 The rate of deoxygenation used in laboratory experiments may modulate the effect of hypoxia on schooling ( Moss & McFarland 1970) . Moss & McFarland (1970) found that a gradual decline (obtained within about 1.5 h) in oxygen level did not cause any changes in schooling behaviour (measured using a density index and a parallel orientation index) or swimming speed until near-lethal levels were reached (i.e. near 10% oxygen saturation). However, sudden decreases in oxygen level (about 0.5-1 mg O 2 l K1 within a few seconds) induced by injecting hypoxic water caused changes in swimming speed within 20-30 s. Moss & McFarland (1970) suggest that such fast responses may be due to peripheral O 2 sensitive receptors located in the gills, as described by Smatresk (1990) . Such acute changes in oxygen levels are unlikely to occur in the wild within a given vertical and horizontal position in the water, because such temporal changes are likely to be of the order of hours (figure 9). However, acute changes in oxygen level occur when fish swim across a relatively steep oxygen gradient such as those found vertically in coastal areas and lagoons. As an example, Domenici et al. (2002) report a vertical oxygen gradient in the Kattegat Sea from 25% oxygen saturation to normoxia within 5 m. This would mean that a 25 cm fish swimming vertically at a cruising speed of 2 lengths s K1 would experience such an acute change in oxygen level within only 10 s.
Using progressive hypoxia (from normoxia to 25% oxygen saturation in 4 h), Domenici et al. (2002) showed that all the dimensions (i.e. X, Y and Z) of a school of herring increase in hypoxia. They suggest that the observed increase in school volume may result from either a behavioural mechanism that evolved as a response to hypoxia or lower sensory performance, similarly to the decreased performance observed in escape responses in hypoxia as discussed above. Isreali & Kimmel (1996) measured the effect of hypoxia on schooling behaviour in Carassius auratus, a freshwater species known as one of the least hypoxia sensitive fish due to alternative biochemical pathways (Shoubridge & Hochachka 1980) . Fish were subjected to sublethal oxygen concentration, i.e. 1 mg O 2 l K1 at 218C. Isreali & Kimmel (1996) found that only one component of school structure, its horizontal dimension, increased in hypoxia. Similarly, results by Domenici et al. (2002) show that a school's horizontal spread (school area) increases significantly starting from 30% oxygen saturation, while school depth is significantly different from that in normoxia only at %20% oxygen saturation. It is therefore possible that the first effect of hypoxia may be to induce an increase in the horizontal spacing between fish. This may allow fish to keep some hydrodynamic advantages from following their neighbours (Liao 2007) , while fish in different vertical planes would not experience such advantages ( Weihs 1973b; Abrahams & Colgan 1985) .
(b) School integrity and spontaneous activity Hypoxia is known to have an effect on the spontaneous activity of various fish species. From a metabolic point of view, fish activity may be expected to reduce overall aerobic metabolic energy expenditure. This expectation is confirmed by work on a number of species (Metcalfe & Butler 1984; Fisher et al. 1992; Schurmann & Steffensen 1994) . However, certain species show a temporary increase in activity when subjected to hypoxia, possibly as a behavioural 'avoidance' response (Dizon 1977; Bejda et al. 1987; Domenici et al. 2000a) . As schooling structure and dynamics are largely affected by activity level and swimming speed (Pitcher & Partridge 1979) , theoretically the change in school structure observed in hypoxia may be an indirect result of a change in activity. Work on herring showed that this was not the case. In herring, swimming speed peaks at around 30% oxygen saturation, after which speed starts decreasing (figure 8a). On the other hand, maximum school volume occurs at 20% (figure 8b). Therefore, in herring, the increase in school volume is relatively decoupled from the increase in swimming speed (Domenici et al. 2000a (Domenici et al. , 2002 although both are caused by hypoxia. Herring is a species that can tolerate hypoxia (approx. 30% oxygen saturation in Dommasnes et al. 1994) for long periods of time. Domenici et al. (2000a) studied the effect of progressive hypoxia on school integrity and swimming speed in herring and found that swimming speed increased in hypoxia (around 15-34% oxygen saturation) to an extent that depended on the school's spontaneous activity prior to the hypoxia exposure. Following a peak in swimming speed, fish activity decreased until the school unity was disrupted (around 12-25% oxygen saturation). Similarly to swimming speed, school disruption occurred at higher oxygen levels in schools that had a higher spontaneous activity prior to the severe hypoxia. Fish that had higher activity may experience higher stress and exhaustion and their schools may therefore break-up at a higher oxygen level than those which had relatively low spontaneous activity. Respiratory distress may affect the sensory channels employed by fish for the coordination of schooling manoeuvres, such as lateral line and vision (Partridge & Pitcher 1980 ) and the fish's general awareness, resulting in the break-up of the school. Similarly, by affecting sensory performance, hypoxia may have detrimental effects in the synchronization of specific, fast antipredator manoeuvres such as fountain effects and skitter (Hall et al. 1986; Pitcher & Parrish 1993 ), which imply a high level of coordination to prevent collisions between neighbours.
(c) Schooling dynamics Although individual positional preferences have been found in various species (Healy & Prieston 1973; Pitcher et al. 1982) , there is evidence that individuals in a school perform a certain level of turn-over (Pitcher et al. 1982; Krause & Ruxton 2002) . This may serve to expose each individual of the school to the various advantages and disadvantages related to each position. For example, front positions may confer feeding advantages (Krause 1993 ) but higher predation risk (Bumann et al. 1997) while back positions were suggested to confer hydrodynamic advantages (Herskin & Steffensen 1998) . Domenici et al. (2000a) hypothesized that shuffling rates may increase in hypoxia, as swimming activity increases. They hypothesized that rear fish may move to the front more frequently, since rear positions may experience reduced oxygen levels (Green & McFarland 1994) . The effect of hypoxia on schooling dynamics, in terms of position shuffling, was studied by Domenici et al. (2002) in herring. They found that the leading fish had the tendency to perform a manoeuvre that would re-position them at the back of the school. This manoeuvre (termed 'O-turn') was performed on average about 0.8 per minute per individual in normoxia. O-turn frequency decreased dramatically in hypoxia, down to less than 0.1 manoeuvre per minute per fish (figure 8c). However, this decrease did not affect the time individual fish spent in leading positions. Therefore, while hypoxia had an effect on the internal dynamics in terms of 'active' manoeuvring by leading fish, the overall shuffling rate did not change.
Shuffling rates may have been maintained constant by other mechanisms such as an increased rate of overtaking or falling back of individual fishes. Reduction in O-turn frequency could be due to their cost, which may not be supported during respiratory distress such as that caused by hypoxia.
(d) Trade-offs in schooling: the effect of biotic and abiotic factors While schooling behaviour may confer a number of advantages, especially in terms of antipredator adaptations, but also in terms of foraging and energetics, the specific structure of each school and the behaviour of each individual in a school may be the result of a number of trade-offs. Figure 10 summarizes the changes induced in school structure by hypoxia and predator-prey interactions. School volume increases in hypoxia and various studies suggest that horizontal dimensions may be the first component of school volume to be affected ( Isreali & Kimmel 1996; Domenici et al. 2002) . There are a number of tradeoffs to be taken into account when considering school volume (i.e. spacing between individual fish). In nonlimiting oxygen conditions, spacing was suggested to be the result of two opposite forces corresponding to the main sensory modalities used in coordinating schools, i.e. attraction as driven by vision and repulsion as driven by the lateral line (Partridge & Pitcher 1980) . Therefore, functionally, given spacing allows fish to keep track of one another without colliding. Small inter-individual distances are also advantageous in antipredator manoeuvres, as they may increase the confusion effect on the predator, and aid the synchronization of escape manoeuvres. Gray & Denton (1991) suggest that rapid escape manoeuvres in schools may , predator-prey (Pp) interactions may cause single fish to join in a group or vice versa, and they may affect the degree of polarization of a school and they may affect school speed (indicated by 'U') and shape (Pitcher & Parrish 1993) . (Va) and (P) represent school shapes as described in Pitcher & Parrish 1993 (Va, 'vacuole' as a response to predator attacks) and Partridge et al. (1983) Fish antipredator behaviours in hypoxia P. Domenici et al. 2115 be synchronized by fast sound pulses emitted by startled fish, which may startle neighbours at relatively close distances, of the order of one body length. While the pulse emitted by startled fish may be well above the auditory threshold at spacing found in hypoxia, sound pressure may be below the threshold required to trigger escape responses in neighbours and therefore a synchronized escape manoeuvre (Domenici et al. 2002) . Similarly, increased distances between neighbours as observed in hypoxia, may decrease the energetic advantages of schooling such as those found by Herskin & Steffensen (1998) . Optimal distances have been proposed for fish to take advantages of the vorticity created by fish swimming in front ( Weihs 1973b) . While no measurements of the energy dissipation of the vortices produced by fish in a school have been taken, increased horizontal distance between neighbours may affect the exploitation of the vorticity produced by fish in front. Therefore, while increased horizontal distance found in hypoxia may allow for a better oxygenation of the school, it may also incur in energetic and antipredator disadvantages. While a larger volume may affect the hydrodynamic advantages of schooling, it is likely that large horizontal spacing will affect the hydrodynamic advantages to a lesser extent than large vertical spacing. This brings up the issue of trade-offs in school shape, identified by Abrahams & Colgan (1985) . They tested the hypothesis that fish school shape may be the result of two conflicting forces: (i) schools should be relatively flat in order to maximize the hydrodynamic advantages of following the vorticity produced by fish in front and (ii) schools should be spread in depth, in order to maximize the visual fields of each individual, allowing for predator perception otherwise blocked by neighbours in the same plane. Abrahams & Colgan (1985) found that in the absence of predators, characin fish tend to form relatively flat schools, while they dispersed in depth when a predator was present. In hypoxia, the horizontal school dimension is the first variable to be affected (Isreali & Kimmel 1996) , implying that maximization of energetic advantages may be preferred over maximization of visual fields for predator detection. However, this observation was made in laboratory conditions. It is unknown how fish schools would behave when facing a similar trade-off in natural conditions and in the presence of natural predators. Further field studies would be necessary to establish how fish deal with these potential trade-offs, since there is evidence that many of the behaviours induced by hypoxia (increase of inter-individual distances and increase in horizontal dimensions) are the opposite of those induced by predator presence.
Shuffling rate is the result of individual behaviour within the school, and it may represent the balance between the trade-offs associated to occupying different positions within a school. Front positions were suggested to be advantageous for feeding, while they imply higher predation risk and higher energetic costs (Bumann et al. 1997; Herskin & Steffensen 1998) . In hypoxia, leading positions may be advantageous as leaders would not experience a further reduction in oxygen level due to the oxygen consumption of fish in the front (figure 7). However, hypoxia does not appear to affect the overall shuffling rates, although the 'active' reshuffling rate decreases (i.e. the occurrence of repositioning O-turn manoeuvres figure 8c; Domenici et al. 2002) . Therefore, other factors may be more important in regulating shuffling rates, such as nutritional state, energetics and perceived risk of predation. For example, front positions are used by hungry fish as they offer better information about the location of food sources, while well-fed fish may take up less risky positions towards the back centre of the school (Krause 1993; Krause et al. 1998) .
Schooling dynamics and school structure in field situations are influenced by a larger pool of factors than can be investigated in laboratory conditions, including biotic factors such as predation pressure and food distribution (figure 10). On the other hand, results from fieldwork are often confounded by the presence of a large number of varying physical characteristics, such as depth, light level, temperature and oxygen level. Work on the effect of physical factors on schooling behaviour often come from either laboratory or field studies. We believe that a full understanding of the behavioural and physiological processes at the basis of the dynamics of fish aggregations requires the integration of laboratory studies on the physiological and behavioural responses of fish to various controlled physical factors, with field studies that will test the predictions made on the basis of such laboratory studies.
CONCLUSIONS AND FUTURE ISSUES
By affecting escape behaviour, hypoxia may have a large effect on survival from predator attacks. Surfacing mitigates the negative effects of hypoxia on escape performance, but it also increases visibility to aerial predators. Fish deal with this situation by showing avoidance behaviour which ranges from decreasing surfacing frequency to surfacing near shelters Shingles et al. 2005) . While schooling behaviour can also be affected by hypoxia, how would this alteration of schooling affect fish in terms of their fitness and survival? If we assume that schooling behaviour as observed in normoxia corresponds to an optimal solution in terms of school characteristics such as volume, spacing and shape, then any change in these characteristics may diminish the advantages of schooling, such as those related to antipredator behaviours and energetics. For example, increased spacing may result in less efficient synchronization of antipredator manoeuvres. Increase in volume may also increase the probability of detection by predators.
All of these effects of hypoxia need to be put into a specific environmental context. For example, in an environment where piscivorous fish are the main predators and hypoxia is ubiquitous, the deleterious effects of hypoxia on antipredator behaviours may be mitigated by the effect of hypoxia on the metabolic scope of fish predators, and therefore on their feeding rate. Work on fish-fish interactions shows that predation rates decrease in hypoxia (Breitburg et al. 1994; Shoji et al. 2005) . In addition, recent work shows that prey fish may be more hypoxia-tolerant than their fish predator, and therefore hypoxic environment may have the potential to act as refuges from predators (Robb & Abrahams 2002 , 2003 . However, in certain situations, such as when hypoxia is limited to the deep layer, fish predators may stay in the upper layer and dart in to catch prey in hypoxia (Rahle & Nutzman 1994 ). Work using predators from different taxa, such as birds or hypoxia-tolerant organisms, such as jellyfish or even air-breathing fish, shows that hypoxia may increase prey mortality in fish (e.g. Kersten et al. 1991; Shoji et al. 2005) . Birds can learn to look for fish in hypoxic waters, where they perform ASR and become easier to catch (Kersten et al. 1991) . It is also possible that certain marine mammals exploit similar situations, e.g. killer whales (Orcinus orca) attacking large schools of herring in northern Norwegian fjords (Domenici et al. 2000b ).
While recent work shows that escape performance decreases in hypoxia, it is possible that in some cases mortality may also increase in hypoxia as a result of lower potential for sustained repetitive flights. While this scenario has been proposed by Beamish (1978) , very little is known about the effect of hypoxia on sustained escape. The relative weight of these effects on evasive behaviour may be modulated by the structural complexity of the habitat, as this is a main determinant of the characteristics of predator-prey interactions in fish (Domenici 2003) . Habitats with relatively high structural complexity may provide various refuges and hiding places to prey. In these habitats, predator-prey interactions are likely to be reduced to brief events, where a single successful escape manoeuvre may be sufficient to get out of sight of the predator. Here, the effect of hypoxia on escape performance such as responsiveness, directionality and kinematics may increase prey vulnerability. Relatively open habitats, however, provide few refuges for fish. In these cases, predator-prey interactions may imply relatively long chases, where the ability of prey to sustain flight would be fundamental for avoiding predation. Therefore, in structurally open habitats, hypoxia is likely to be even more deleterious to prey attacked by hypoxia-tolerant predators, as both escape performance and stamina may be limited. In summary, the effect of hypoxia on predator-prey interactions may depend on environmental conditions, as well as on the taxa and species involved. By acting differentially on different species/ taxa of prey and predators depending on their tolerance of hypoxia (i.e. increasing predation rate in hypoxiatolerant predators and decreasing it in hypoxia sensitive ones), oxygen fluctuations may have an important role in the establishment of fish communities.
While effects on both escape and schooling have been demonstrated, more work is needed in order to investigate the potential interactions among the effects of hypoxia on these two behaviours. Experiments aimed at studying whether hypoxia affects the coordination and effectiveness of escape manoeuvres in fish schools would be necessary for this purpose. In addition, insights into the mechanisms behind the effects of hypoxia on antipredator behaviours would increase the predictive power for generating possible future scenarios. For example, while escape responsiveness decreases in hypoxia, it is not clear whether this effect is due to 'physiological limits', i.e. an impairment of sensory performance or to 'behavioural choice' aimed at minimizing energetic expenses. A similar question can be addressed for the increase in school volume, i.e. it is not established whether such an increase is due to sensory impairment for the maintenance of shorter inter-individual distances or to a behavioural mechanism evolved to deal with the stress imposed by hypoxia. Behavioural choice was shown to modulate ASR by delaying its onset . Experiments using variable predator risk could be used in order to establish the physiological limits imposed by hypoxia and the extent of behavioural choice in the hypoxia-related changes in antipredator behaviours.
Finally, the integration of laboratory and fieldwork will be necessary in order to allow us to put hypoxiarelated effects within specific environmental contexts, as well as to generate predictive environmental scenarios. This would enhance our ability to predict community changes related to habitat degradation and the increasing trend of coastal hypoxia. Laboratory experiments focusing on the basis of the response on different species of predators and prey will need to be integrated with fieldwork in which other factors such as temperature and turbidity affect relevant aspects of fish physiology, i.e. their metabolic scope and sensory performance, respectively.
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